This study investigates the energy conversion processes and their relation to convection (circulation) during the South China Sea summer monsoon (SCSSM) years from the viewpoint of atmospheric perturbation potential energy (PPE). An atmospheric PPE dipole pattern associated with the SCSSM develops over the western North Pacific (WNP) and southern Maritime Continent (SMC) in the boreal summer, serving as a link between the SCSSM and diabatic heating. Actually, the conversion between the energy variations and the convection over the WNP is distinctly different with that over the SMC. The precipitation leads the PPE over the WNP, while similar situation is reversed over the SMC. During strong SCSSM years, the higher PPE over the WNP, controlled primarily by the latent heat released from condensation related to surplus precipitation, is corresponding to the negative energy conversion ( C k ) over there. This indicates that more PPE is converted to perturbation kinetic energy and further intensifying ascending motion over the WNP. Consequently, the descending movement reduces the PPE and is corresponding to positive C k over the SMC, suggesting that the less PPE converts into the perturbation kinetic energy and in turn favors the descending movement and deficit precipitation there. The enhanced southwesterly induced by this SCSSM Hadley circulation, superimposed on the mean southwesterly wind, further favors the intensification of the SCSSM, implying that the SCSSM can maintain development through the positive convection-PPE-circulation feedback.
Introduction
The South China Sea (SCS) is part of the tropical Indian-western Pacific warm pool and lies at the center of the Asian-Australian monsoon system, which plays an important role in moisture transport from the North Indian Ocean and Southern Hemisphere to China (Wu et al. 2006) . The SCS summer monsoon (SCSSM), as the remarkable year-to-year variability over the SCS region, is closely associated with intense convective activity and changes in atmospheric circulation (Li and Zeng 2002; Wang et al. 2009 ), and exerts a great influence on adjacent regions Zhang et al. 2018) . Previous studies have demonstrated the intimate connection between the atmospheric circulation related to the SCSSM and external forcing: e.g., sea surface temperature (SST) and the Southern Annular Mode (Xie et al. 2009; He and Wu 2014; He et al. 2016; Liu et al. 2017) . However, the formation and maintenance of the atmospheric general circulation related to the SCSSM is essentially controlled by the perturbation kinetic energy Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0038 2-019-04845 -7) contains supplementary material, which is available to authorized users.
(PKE) of the climate system, and less attentions are paid into the monsoon study from the viewpoint of the energetics. Thus, exploring precisely the energy variations and their relation to the atmospheric circulation during the SCSSM years are better not only to deepen the understanding of the dynamic processes of the SCSSM system, but to promote the regional energetics development of the monsoon community.
In the atmospheric energy theory, PKE cannot be transformed directly from diabatic heating. Although the atmospheric available potential energy (APE) can serve as the medium that links diabatic heating and PKE (Lorenz 1955 ), this does not occur at the regional scale because APE is calculated as the global mean. To overcome these limitations, Li and Gao (2006) extended the APE to the local scale and proposed the concept of atmospheric perturbation potential energy (PPE), which represents the maximum amount of total potential energy that can be converted into PKE at the local scale. A detailed introduction to atmospheric PPE theory is provided in Sect. 2.1 (also see the Supporting Information).
The atmospheric PPE theory has been successfully used to investigate the atmospheric energetics of global climate variability (Gao and Li 2007 Wang et al. 2015; Dong et al. 2017; Wang et al. 2018a, b) , illustrating its practical value to regional climate research, especially in the study of monsoon systems (Wang et al. 2012; Huyan et al. 2017) . Huyan et al. (2017) found that the East Asian summer monsoon is significantly correlated with the PPE anomalies over three key regions: the eastern Indian Ocean (72.5°-110°E, 10°S-10°N), subtropical central Pacific (175°E-160°W, 10°-20°N), and mid-latitude East Asian (115°-140°E, 30°-40°N) in the boreal summer (June-July-August, JJA), implying that the East Asian summer monsoon is physically linked with the PPE not only over the local monsoon region but also over the remote regions. Wang et al. (2012) investigated the energy budget of the SCSSM activity from the perspective of PPE, but focused on the intraseasonal scale. However, the SCSSM shows a prominent interannual variability, and associated PPE variations remain unclear. In addition, the intimate relationships of the SCSSM with the El Niño-Southern Oscillation (ENSO) and the Indian Ocean dipole (IOD) during JJA are reported in prior studies (e.g., Wang et al. 2009; Zhang et al. 2018 ). Thus, this study further investigates the atmospheric energy variations and relevant convection (circulation) changes associated with the interannual variability of the SCSSM from the viewpoint of atmospheric PPE, and provides a new perspective to improve our understanding of the interaction between the SCSSM and ENSO/IOD.
The remainder of this paper is organized as follows. Section 2 provides a brief review of the atmospheric PPE theories, datasets and methods used in this work. Our diagnostic results are interpreted in Sect. 3. We first examine the relationship between the SCSSM and atmospheric PPE, before considering the mechanism that links the energy conversion between atmospheric PPE and PKE with corresponding changes in the atmospheric circulation, and further exploring the possible diabatic heat (sink) associated with atmospheric PPE. The potential linking to ENSO and IOD are briefly discussed in Sect. 4. Finally, a summary is presented in Sect. 5.
Theories, datasets and methods

Atmospheric PPE
Although Margules (1910) was the first to propose the theory of atmospheric energy availability, it was Lorenz (1955) who provided the modern framework for atmospheric energetics, and the concept of APE became widely accepted and applied to the global atmospheric and oceanic energy budget (Oort 1964 (Oort , 1971 Peixóto and Oort 1974; Oort et al. 1989; Li et al. 2007 Li et al. , 2011 Kim and Kim 2013; Roullet et al. 2014; Pan et al. 2017 ). As it is based on the global average, the APE cannot be used to diagnose regional atmospheric energetics, although several studies have tried to expand the APE to the local scale by incorporating the energy flux at the boundary of the chosen study region adding the boundary energetics fluxes (Smith 1969; Johnson 1970; Smith et al. 1977; Edmon Jr 1978) . Furthermore, the minimum total potential energy is defined as the atmospheric reference state of the APE if the stratification is horizontal and statically stable; however, this ideal reference condition is physically unrealistic.
To overcome these limitations, Gao et al. (2006) reported that the adiabatic redistribution of the atmosphere is under physical constraints, and the concept of atmospheric PPE was proposed by Li and Gao (2006) , defined as the difference in atmospheric total potential energy between the actual state and the conditional minimum reference state via any adiabatic redistribution. The PPE equation, in isobaric coordinates, is as follows (detailed derivations can be found in the Supporting Information):
where i is the order of moment term of PPE; p , p 00 , and P S are the pressure, reference pressure (generally 1000 hPa), and surface pressure, respectively; = R c p , where R and c p are the gas constant of dry air and the specific heat at a constant pressure, respectively; γ d = g c p indicates the dry adiabatic lapse rate; and and T ′ denote the potential temperature at the conditional minimum reference state and the departure of temperature, respectively. Thus, the mathematical expressions of the first and second moment terms of PPE can be written as:
here PPE 1 and PPE 2 denote the first and second moment terms of PPE, respectively. In contrast to PPE 1 and PPE 2 , the higher-moment terms of PPE are much smaller and can be omitted at the local scale . Thus, atmospheric PPE is calculated in this paper as the sum of PPE 1 and PPE 2 .
Datasets
The daily and monthly mean air temperature, sea level pressure, and vertical velocity derived from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset were used to calculate atmospheric PPE and the energy conversion term at each grid, and daily and monthly mean horizontal winds were to obtain the weekly and monthly SCSSM index (Kalnay et al. 1996) . To analyze the diabatic heating, the monthly mean horizontal winds, surface sensible heat flux, surface latent heat flux, net shortwave radiation flux, net longwave radiation flux, precipitation rate, specific humidity, and precipitable water content datasets used in this study were also taken from the NCEP/NCAR reanalysis dataset (Kalnay et al. 1996) . The study period is 1948-2015, and the horizontal gridded resolution is 2.5° × 2.5° for the NCEP/ NCAR reanalysis dataset. To demonstrate the robustness of our results, we have used another two datasets available at period 1979-2015 on a 2.5° × 2.5° grid: the NCEP Reanalysis-2 (NCEP2) data is provided by the NOAA/OAR/ ESRL Physical Sciences Division (PSD), Boulder, Colorado, from their website (https ://www.esrl.noaa.gov/psd/ data/gridd ed/data.ncep.reana lysis 2.html) (Kanamitsu et al. 2002) ; and another one is from the monthly European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011) . The improved Extended Reconstructed SST version 5 (ERSST v5) and
the Hadley Centre Sea Ice and SST (HadISST) datasets on a 1° × 1° grid for the same period were used to examine the relationship between the air-sea temperature difference and surface sensible heat fluxes (Rayner et al. 2003; Huang et al. 2017) . We removed the linear trend and the long-term mean climatology from each dataset before analysis. Zeng (2002, 2003) defined the dynamical normalized seasonality monsoon index in terms of the intensity of the seasonal wind field, and this index can be used to measure the seasonal cycle and interannual variability in global monsoon regions Liu et al. 2017; Zhang et al. 2018 ). The index is defined as follows:
where ||*|| is a norm on the monsoon domain of integration. V 1 and V denote the climatological mean wind vectors in January and the mean of the January and July climatological wind vectors, respectively, and Vm, n indicates the monthly wind vectors in the mth month of the nth year. The SCSSM index is defined as an area-average over the SCS monsoon domain (100°-125°E, 0°-25°N) in the 925-hPa wind field during JJA based on the dynamical normalized seasonality. In addition, The Niño-3.4 index calculated from the SST anomalies area-averaged over the equatorial central Pacific (5°S-5°N, 120°W-170°W) is to denote ENSO. The IOD index is defined as the difference in SST anomalies between the tropical western Indian Ocean (50°-70°E, 10°S-10°N) and the southeastern Indian Ocean (90-110°E, 10°S-0°).
Methods
The correlation and composite analyses are applied into this study. In order to explore the relationships of the SCSSM, the PPE, and precipitation, we calculate the lead-lag correlations between them. The significance of correlations between variables X and Y was tested by a two-tailed Student's t test using the effective number of degrees of freedom ( N eff ), which can be given as following approximation (e.g. Bretherton et al. 1999; Pyper and Peterman. 1998; Li et al. 2013): where N indicates the total size of time series; XX (i) and YY (i) represent the autocorrelations of two time series X and Y at time lag i , respectively. Figure 1a shows the spatial correlation between the SCSSM and atmospheric PPE over the Indian-western Pacific region. The SCSSM is significantly correlated with PPE over two key regions: the western North Pacific (WNP; 120°-170°E, 15°-25°N) and southern Maritime Continent (SMC; 100°-150°E, 15°-5°S), locating at the north and south sides of the SCS monsoon region and showing a dipole pattern (Fig. 1a ). To better demonstrate the characteristics of this dipole pattern, the PPE dipole index is simply defined as the difference in PPE anomalies between the WNP and the SMC, and standard time series of the SCSSM index and PPE dipole index in JJA are shown in Fig. 1b . The high correlation coefficient (0.69, beyond 99% confidence level) indicates the intimate linkage between the SCSSM and the PPE dipole over the WNP and SMC. The similar results can also be produced by using the NCEP2 and ERA-Interim datasets (Fig. 2) , illustrating the robustness of those results. 
Results
Relationship between the SCSSM and atmospheric PPE
Energy conversion and corresponding change in atmospheric circulation
The energy conversion between the atmospheric PPE and PKE is controlled by the following governing equations:
where C k denotes the energy conversion term between atmospheric PPE and PKE, which depends on vertical velocity ( w ) and atmospheric stability ( ). When C k < 0, PPE is transformed into PKE; conversely, when C k > 0, PKE is transformed into PPE. G is the source (sink) term of atmospheric PPE and is closely associated with diabatic heating.
w dp, D and HBF represent viscous dissipation and horizontal boundary fluxes respectively. The atmospheric diabatic heating G cannot change PKE directly, but first changes PPE according to the governing equations; thus, it is the PPE that plays a bridging role in linking diabatic heating and changes in atmospheric circulation.
To examine the seasonal evolutions of atmospheric PPE and C k , 23 anomalous SCSSM events (14 strong and 9 weak SCSSM events, Table 1 ) were identified and used to calculate composite anomalies based on the strong SCSSM minus the weak SCSSM. As with the PPE dipole index, the energy conversion index is also defined as the difference in C k anomalies between the WNP and the SMC. The composites of the PPE dipole index and energy conversion index are shown in Fig. 3a . The reversed relationship between the PPE dipole index and the energy conversion index is first clearly seen, and this is in agreement with the governing equations for atmospheric PPE and PKE (Fig. 3a) . The peak period of energy conversion, from June to September, is closely aligned with the mature period of the SCSSM. This means that more PPE (PKE) is converted to PKE (PPE) over the WNP (SMC) as the strong SCSSM develops in JJA, and vice versa. The increased PPE is 1948 , 1950 , 1952 , 1961 , 1967 , 1972 , 1982 , 1990 , 1991 , 1994 Weak SCSSM 1955 , 1956 , 1958 , 1973 , 1988 , 1995 , 1996 (a) (b) (c) ). The red (blue) rectangles same as in Fig. 1a . Black stipples in (b) and (c) indicate 95% confidence level accompanied by a reduced C k over the WNP, and a similar situation occurs in the SMC but with the opposite sign (Fig. 3b, c) , which is consistent with results in Fig. 3a . Notably, the atmospheric PPE anomalies over the WNP are stronger than those over the SMC (Fig. 3b) , which will be analyzed in Sect. 3.3.
As shown in Eqs. (4) and (5), the atmospheric energy can be converted between PPE and PKE through C k , because C k is directly linked to the changes in atmospheric circulation described in Eq. (6). When cold air ascends or warm air descends, C k is positive and energy is converted from PKE to PPE. Conversely, when warm air ascends or cold air descends, C k is negative and energy is converted from PPE to PKE. Beside of the temporal and spatial distribution of C k in Fig. 3a , c, the vertical-meridional distribution averaged between 100°E and 170°E is shown in Fig. 4a . Significant negative C k anomalies are located at roughly 15°N, implying the existence of an upward branch of the anomalous SCSSM Hadley circulation (Fig. 4b) . Clear positive C k anomalies are centered at 10°S with the wide scales, which is accompanied by anomalous downward motion between 10°S and 0° (Fig. 4b) . This suggests the enhancement of an anomalous SCSSM Hadley circulation over the WNP and SMC, which is consistent with the results of Zhang et al. (2018) .
Notably, one similar descending branch also exists over the mid-latitude East Asia (30°-40°N, 100°-150°E), leading to the weaker intensity of the sinking branch over the SMC in contrast to the ascending branch over the WNP (Fig. 5a) . However, the prominent descending branch is located over the SMC because of the larger scale and stronger intensity than that over the mid-latitude East Asia, which can also be verified by the precipitation anomalies (Fig. 5b) . The precipitation anomalies over the WNP and SMC are much stronger than that over the mid-latitude East Asia, corresponded with the stronger ascending (descending) motion over the WNP (SMC) and the weaker descending motion over the midlatitude East Asia (Fig. 5) .
Diabatic heating to atmospheric PPE
Previous studies have indicated that diabatic heating cannot directly lead to changes in the atmospheric general circulation (Lorenz 1955) , and the aforementioned results suggest that atmospheric PPE acts as a link between diabatic heating and the atmospheric general circulation. Thus, determining which diabatic heating terms drive PPE variations over the WNP and SMC is of great interest. Equation (4) demonstrates that PPE variations are controlled by diabatic heating G, energy conversion C k , and the horizontal boundary flux HBF. In contrast to energy conversion C k and horizontal boundary flux HBF associated with inner atmospheric processes, diabatic heating G plays a dominant role in the PPE variations over the WNP and SMC (Supporting Information  Fig. S1 ). We therefore focus on diabatic heating G, which comprises mainly the sensible heat, latent heat, shortwave radiation, and longwave radiation fluxes. Figure 6 shows composites of the surface sensible heat flux, surface latent heat flux, the sum of net shortwave and longwave radiation fluxes, and total surface heat fluxes averaged over the WNP and SMC in JJA. Here, the surface heat fluxes denote the sum of the net longwave radiation, net shortwave radiation, sensible heat, and latent heat fluxes at the surface boundary. The dipole pattern of the surface sensible heat flux anomalies is similar to the PPE anomalies but with opposite sign over the WNP and SMC (Fig. 6a) , which is strongly consistent with changes in the temperature difference anomalies between ocean and air (Fig. 7) . When the SCSSM is strong, the cold SST anomalies cover the whole of the tropical Indo-western Pacific regions, albeit with weaker-amplitude SST anomalies over the WNP (Fig. 7a,  c) ; however, the temperature difference anomalies between ocean and air over the SMC (WNP) are positive (negative, Fig. 7b, d ). This suggests the transportation of surface sensible heat from the ocean (atmosphere) to the atmosphere (ocean) over the SMC (WNP), which is not conducive to a decrease (increase) in atmospheric PPE over the SMC (WNP). The positive anomalies in surface latent heat flux that cover the entire Maritime Continent and extend slightly to the north, together with the insignificant negative anomalies in surface latent heat flux over the WNP (Fig. 6b) . Those results suggest that both the surface sensible and latent heat fluxes are not conducive to a decrease (increase) in atmospheric PPE over the SMC (WNP).
Beside the surface sensible and latent heat fluxes, we also calculated the net shortwave and longwave radiation flux anomalies (Fig. 6c) . Although the net shortwave and longwave radiation flux anomalies have opposite influences on atmospheric PPE over the WNP and SMC, the combined effects contribute to a decrease (increase) in atmospheric PPE over the SMC (WNP; Fig. 6c) . Overall, the surface heat flux does not assist the decrease (increase) in atmospheric PPE over the SMC (WNP) except for the net shortwave radiation flux (Figs. 6d, 8a) . Therefore, having demonstrated that the total surface heat fluxes are not favorable for a decrease (increase) in atmospheric PPE over the SMC (WNP) during strong SCSSM years (Fig. 8a) , we must consider the other factors that control the PPE dipole pattern over the WNP and SMC.
In fact, the total latent heat release includes not only the surface latent heat release but also the latent heating released by condensation, which can be represented approximately the magnitude of the apparent heat source Q 1 and heat sink Q 2 (Yanai and Tomito 1998; Sobel and Bretherton 1998) . The Q 1 and Q 2 can be calculated from: 
300 Q * dp,
where L and q are the latent heat of condensation and the specific humidity respectively; V and ∇ indicate the horizontal velocity and the isobaric gradient operator. ⟨Q * ⟩ denotes the integration from the 300-hPa to surface. The similar magnitude of Q 1 and Q 2 over the WNP and SMC indicate that the latent heat released by condensation is the major component of the heat source (Fig. 8b) . Equation (7) demonstrates that the heat source Q 1 includes the local change, the horizontal advection, and the vertical transportation. In contrast to the horizontal advection and the local change associated with the temperature gradient, the intensity of the vertical transportation is much stronger (Fig. 9a) , suggesting that the vertical transportation may play a dominant role in controlling variations in atmospheric PPE. Moreover, the intensity of latent heat released by condensation can also be measured by the precipitable water content , which is shown in Fig. 9b . Both the location and pattern of precipitable water content are similar to those of atmospheric PPE (Figs. 3b, 9b ), in accordance with the Fig. 6a . Actually, the PPE is strongly constrained by the large-scale meridional perturbation temperature gradient (Supporting Information Fig. S2) , rather than the temperature gradient.
Due to the opposite effects between the latent heat released by condensation and the surface heat flux, this leads us to consider why the intensity of PPE over the WNP is stronger than that over the SMC. The intensity of latent heat released by condensation may be counteracted by greater surface heat flux (Figs. 8a, 9a) , leading to the lower PPE over the SMC (Fig. 3a) . Although the intensity of latent heat released by condensation is comparable weak over the WNP, the strong amplitude of atmospheric PPE may be caused by weakened counteracting effect of the lower surface heat flux on the latent heat released by condensation (Figs. 8a, 9a) .
Hence, the intensity of PPE over the WNP is stronger as compared with those over the SMC.
As known, the latent heat released by condensation, controlling primarily PPE variation, is closely intimate with the precipitation. The precipitation and PPE over the WNP are both lagged the SCSSM, suggesting the influence of the SCSSM on the precipitation and PPE over there (Fig. 10a,  b) . The similar situation appears over the SMC (Fig. 10d, e) . For the relationship between the precipitation and PPE over the WNP and SMC, there are distinctly different. The precipitation leading PPE by 2 weeks over the WNP indicates that the PPE may be induced by the precipitation (Fig. 10c) ; however, the reversed situation over the SMC illustrates that the precipitation delays to the PPE (Fig. 10f) .
The above results can be interpreted as follows: when the SCSSM is strong, the increased moisture driven by enhanced southwesterly wind favors excess precipitation over the WNP (Fig. 11a) , contributing to the increase in PPE through the latent released by condensation and corresponding negative C k in this region. This indicates that the greater PPE is converted to PKE and induces the enhanced ascending motion over the WNP. Consequently, the descending motion reduces PPE and is corresponding to positive C k over the SMC, together with ascending motion over the WNP, suggesting the intensification of the anomalous SCSSM Hadley circulation. The lower-level southeasterly wind induced by the anomalous SCSSM Hadley circulation is strengthened off Sumatra and Java coasts, and then shift to be the southwesterly wind after crossing the equator (Fig. 11a) . The enhanced southwesterly wind is superimposed on the JJA-mean southwesterly wind (Fig. 11b) , indicating the enhancement of the SCSSM. The enhanced SCSSM further promotes the development of the SCSSM Hadley circulation and precipitation dipole, implying that the SCSSM can maintain development through the positive convection-PPE-circulation feedback.
Discussions
Previous studies reported that ENSO has significant influence on the interannual variation of the SCSSM (Wang et al. 2009; He and Wu 2014) , while correlation coefficient (0.36) between the SCSSM and ENSO during JJA is relative small. In addition, ENSO is not significantly correlated with the PPE dipole with the value of − 0.06. Those results may imply the weak interaction between ENSO and SCSSM through the PPE dipole during JJA.
Compared with the weak SCSSM-ENSO interaction, the SCSSM can affect the IOD through the precipitation dipole over the WNP and SMC during JJA (Zhang et al. 2018) . Similar to the precipitation dipole, the IOD index are both significantly correlated with the SCSSM and PPE dipole index in JJA (Table 2) . It is reasonable to assume that the PPE dipole may play a crucial role in connecting the SCSSM and IOD in JJA, which can be illustrated by the partial correlations analysis (Table 2) . When removing the PPE dipole signals, the correlation between the SCSSM and IOD is decreased from 0.46 to 0.33 (Table 2 ). Though it is significant, the explained variance is reduced by about half. This implies that PPE dipole may play an important role in the relationship between the SCSSM and IOD.
In addition, Wang et al. (2018b) found that the lowerlevel PPE (1000-850 hPa) is the dominant layer of the PPE in the whole troposphere during the IOD events, albeit with the weak counteracting effect from the upper-level PPE over the east pole of the IOD. However, this may weaken the influence of the whole troposphere PPE dipole on the east pole of the IOD. The lower-level PPE dipole index, thus, is defined as PPE dipole index but for the lower-level troposphere (1000-850 hPa). When the lower-level PPE signals are excluded, the correlation between the SCSSM and IOD becomes insignificant (Table 2) , demonstrating the potential linkage between the SCSSM and the IOD from the viewpoint of the PPE, especially for the lower-level PPE. These results are consistent with the study of Zhang et al. (2018) , who indicated that the SCSSM affecting the IOD through enhancing lower-level southeasterly wind anomalies off Sumatra-Java coasts is strongly constrained in the lower-level troposphere. Uncovering the important role of the PPE in connecting the SCSSM and IOD further improves and deepens the understanding of the dynamic insight of the SCSSM affecting the IOD from the perspective of the regional energetics. 
Summary
The PPE theory provides a new perspective to view Asian summer monsoon research; i.e., regional energetics (Wang et al. 2012; Huyan et al. 2017) . Although changes in atmospheric circulation related to the SCSSM have been investigated (Li and Zeng 2002; Wang et al. 2009; Zhang et al. 2018) , less attention has been paid to the atmospheric energy variations associated with the SCSSM on the interannual variability. Thus, in this study we investigated the processes of atmospheric energy variation and their relation to the convection (circulation) associated with the SCSSM based on the PPE theory. For strong SCSSM years, the enhanced southwesterly wind bringing more moisture to the WNP favors the surplus precipitation over there in JJA, inducing the greater PPE and corresponding to negative C k in suit. This indicates that more PPE is converted to PKE, which further enhances ascending motion in this region. Consequently, the lower PPE induced by the descending motion is accompanied with positive C k over the SMC, suggesting less PPE is transformed into PKE and in turn favoring the intensification of the descending motion and deficit precipitation in suit. The ascending motion over the WNP, together with the descending motion over the SMC, illustrate the intensification of the anomalous SCSSM Hadley circulation. The enhanced lowerlevel southeasterly wind off Sumatra and Java, induced by the anomalous SCSSM Hadley circulation, turns into the southwesterly wind after crossing the equator. Superimposed on the JJA-mean southwesterly wind, the enhanced southwesterly wind contributes to the intensification of SCSSM. Therefore, the SCSSM can maintain development through the positive convection-PPE-circulation feedback during JJA, which can be clearly illustrated by the schematic diagram in Fig. 12 .
In contrast to the surface heat flux, the latent heat released by condensation is the dominant control on variations in PPE. Furthermore, due to the weakened counteracting effect of the lower surface heat flux on the latent heat released by condensation process, the amplitude of atmospheric PPE is stronger over the WNP than those over the SMC. Based on the widespread application of the PPE in the monsoon research, it is expected that the energy conversion processes of other monsoon systems in earth, e.g., South Asian summer monsoon, will be studied from the viewpoint of the PPE in the future. In addition, the atmospheric PPE dipole plays an important role in bridging between the SCSSM and the IOD, and this improves the understanding of the dynamic processes of the SCSSM affecting the IOD from the point view of the regional energetics.
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